The number of base pairs in the 16S rRNA secondary structures of 51 bacterial sequences was counted, and the number of hydrogen bonds was estimated. The number of hydrogen bonds was highly correlated with the optimal growth temperature (OGT) rather than with the G + C content. Paired and unpaired nucleotides in mesophiles were compared to those in thermophiles. OGT exhibited a relationship with paired nucleotides but not with unpaired nucleotides. The total number of paired as well as unpaired nucleotides in mesophiles was very similar to that in thermophiles. However, the components in base pairs in mesophiles significantly differed from those in thermophiles. As compared with mesophiles, the number of G·C base pairs in thermophiles was high whereas that of A·U base pairs was low. In this study, we showed that hydrogen bonds are important for stabilizing 16S rRNAs at high temperatures.
INTRODUCTION
Bacteria can live in a wide temperature range from the freezing point of water to its boiling point. This indicates that the environment where water exists in the liquid state can be inhabited by bacteria. At their living temperature, macromolecules such as protein, DNA and RNA are stable and can perform their biological functions. DNA and RNA consist of nucleotides, sugars and phosphates. Thymine and deoxyribose in DNA are replaced by uracil and ribose in RNA. DNA is double stranded and RNA is single stranded. The method of DNA stabilization at high temperatures is different from that of RNA. The dinucleotide composition of DNA is related to the optimal growth temperature (OGT) [1, 2] , and mononucleotide composition i.e., G + C content of RNA is proportional to their OGT [2] [3] [4] [5] [6] . The uracil content of 16S rRNA has a significant inverse correlation with the OGT [7] . Hyperthermophiles have higher RNA G + C content. The G·C base pair has 3 hydrogen bonds and A·U base pair has 2 hydrogen bonds. Therefore, hydrogen bonds seem to play an important role for RNA thermal stability, however, the relationship between the number of hydrogen bonds and OGT has not reported yet.
Ribosomes are the machinery necessary to produce proteins based on the mRNA, which is a blueprint of genetic information. There are 3 types of bacterial ribosomal RNAs-5S, 16S, and 23S named according to their molecular weights. 16S rRNA is the most conservative of the 3 rRNAs, and is used to identify bacterial species on the basis of the phylogenetic tree. It is believed that their secondary structure, determined by base pairing, is more conservative than the nucleotide sequence. Three-dimensional structure of 16S rRNA of Thermus thermophilus was resolved by X-ray crystallographic studies [8, 9] . The Gutell group predicted base pairs in 16S rRNA of bacteria, which are available through the web [10] . Using these data, base pairs in the 16S rRNA structures were counted and the number of hydrogen bonds was estimated. In addition to these studies, we reexamined the relationship between the G + C content of 16S rRNA and OGT.
MATERIALS AND METHODS
The sequences and base pairs of 16S rRNAs were retrieved from the comparative RNA web site (http://www.rna.icmb.utexas.edu/) [10] . Base pair information of bacterial 16S rRNAs was available, but archaeal data were not available; therefore, we analyzed only bacterial data in this study. Fifty sequences were randomly selected from various species to cover a wide range of OGT ( Table 1 ). The data for T. thermophilus was obtained from the literature [9] . The dataset included 13 sequences from thermophiles, 35 sequences from mesophiles, and 3 sequences from pyschrophiles. Thermophiles grow above 55˚C and psychrophiles grow below 20˚C. There are 4 types of nucleotides; hence, 16 types of base pairs are possible. However, an A·U base pair is identical to a U·A base pair. Therefore, 10 types of base pairs were considered; they were as follows: A·U, G·C, G·U, A·G, C·C, U·U, C·U, A·C, A·A, and G·G. Interestingly, G·C, A·U, and G·U base pairs were dominant, and the sum of other 7 base pairs equaled only approximately 5% of the total base pairing. Therefore, only the hydrogen bonds comprising G·C, A·U, and G·U base pairs were taken into account in this study. The number of hydrogen bonds for G·C and A·U base pairs was estimated as 3 and 2, respectively. The number of hydrogen bonds for G·U base pair has been reported to be 1 or 2 [11] . Therefore, the number of hydrogen bonds was estimated by the following equations:
Hydrogen bonds G C pairs 3 A U pairs 2 G U pairs 1
Hydrogen bonds G C pairs 3 A U pairs 2 G U pairs 2
We also calculated the hydrogen bonds consisting of G·C and A·U base pairs as follows:
Hydrogen bonds G C pairs 3 A U pairs 2       Using these equations, we calculated the number of hydrogen bonds in 3 ways. The percentage of hydrogen bonds was calculated as the number of hydrogen bonds divided by the length of 16S rRNA. The percentage of base pairs was calculated as the sum of G·C, A·U, and G·U base pairs divided by the length of 16S rRNA.
OGTs were retrieved from the web site http://www.dsmz.de/species/strains.htm. Mono-and dinucleotide compositions of 16S rRNAs were calculated. Expected dinucleotide compositions were calculated using the mononucleotide compositions, and the ratio of observed/calculated compositions was thus obtained. The average compositions were also calculated for both thermophiles and mesophiles. The average of mesophiles was calculated, including data from three psychrophiles. The 3 psychrophiles examined did not differ significantly from the mesophiles with regard to the G + C content or the percentage of hydrogen bonds.
RESULTS

Hydrogen Bonds in 16S rRNA versus OGT
The plot of the percentage of hydrogen bonds consisting of G·C and A·U base pairs versus OGT expressed in degrees Celsius (˚C) showed the highest correlation (correlation coefficient, 0.65) (Figure 1) . When the hydrogen bonds from the G·U base pairs were considered, the correlation coefficient was found to be 0.63 and 0.57, when the G·U base pair was assumed to contain 1 and 2 hydrogen bonds, respectively. Several G·U base pairs were observed in the 16S rRNA secondary structures; however, hydrogen bonds from G·U base pairs did not increase the correlation with the OGT. G + C content of the 16S rRNA versus the OGT is shown in Figure 2 . This resulted in a correlation coefficient of 0.59, which was lower than the hydrogen bonds. The ratio of G·C base pairs in the G·C and A·U base pairs increased with OGT, and the ratio of G·C base pairs showed a high correlation with the G + C content (correlation coefficient, 0.96). This result indicates that a correlation between RNA G + C content and OGT is a secondary effect of the hydrogen bonds and OGT.
Nucleotide Composition of 16S rRNA
To make maximum base pairing, the guanine content should be equal to the cytosine content, and the adenine content should be equal to the uracil content. However, the guanine content was higher than that of cytosine, and the adenine content was higher than that of uracil, except in the case of Propionibacterium acnes. To show the difference in the nucleotide content, we calculated the ratios of guanine/cytosine and adenine/uracil. The average ratios of guanine/cytosine and adenine/uracil were 1.36 and 1.25, respectively. This result indicates that purines are more abundant than pyrimidines in 16S rRNA sequences. The numbers of paired and unpaired nucleotides were estimated for both thermophiles and mesophiles by using the average compositions as the length of 16S rRNA, which was assumed to be 1500 nucleotides. Table 2 shows the comparison between mesophiles and thermophiles, with the data for thermophiles represented within parentheses. The deviation of nucleotide components in the whole sequence between mesophiles and thermophiles was roughly identical with the deviation in paired nucleotides. For example, the deviation of adenine in the whole sequence was 25 and that in paired was 24. The number of unpaired nucleotides was roughly identical between mesophiles and thermophiles, with the exception of uracil. This result indicates that unpaired nucleotides are independent of the OGT. Adenine was the most abundant, and the cytosine was the least in the unpaired nucleotides. This result was consistent with the high percentage of unpaired adenine in 16S rRNA structure models [6, 12] . It is reported that nearly 75% of AA dinucleotides are found in loops in rRNA sequences [10] . We found that the AA dinucleotide is the most favorable on the basis of the ratios of observed to calculated composition (see below). Total base-paired nucleotides in thermophiles were slightly higher than those in mesophiles, however, the base pair components were quite different between the 2 groups. For example, base-paired cytosine in thermophiles was 38 higher than that in mesophiles. In contrast, paired uracil was higher in mesophiles than in thermophiles. This result indicates that, in contrast to mesophiles, G·C base pairs were abundant and A·U base pairs were few in thermophiles. Thus, thermophiles increase the amount of G·C base pairs in rRNAs to adjust to high temperatures. The relationship between G+C content and OGT can be expressed as shown in Eq.1 from our previous study [2] ;
where OGT is estimated in degrees Celsius (˚C), and G + C refers to the percentage of guanine and cytosine content in 16S rRNA. In this study, the relationship obtained by least-square regression analysis was slightly different 
Favorable and unfavorable dinucleotides were estimated in terms of ratios of the observed to calculated compositions. The AA and UG dinucleotides showed average ratios greater than 1.1 and were considered favorable, and AU and UC had average ratios less than 0.9 and were considered unfavorable. The other 12 dinucleotides showed average ratios in the range of 0.9 -1.1.
DISCUSSION
The number of hydrogen bonds was estimated by the secondary structures of the paired bases. Therefore, the accuracy of base pair is very important. Gutell et al. evaluated the 16S and 23S rRNA structure models against the crystal structures, and they reported approximately 97% -98% of the base pairings predicted were indeed corresponding to their experimental data [13] .
A simple way to attain thermal stability of nucleic acids is to increase the number of hydrogen bonds, i.e., the G + C content. This is indeed observed for the 16S rRNAs of thermophiles, in which the G + C content is increased with OGT. If the same strategy for thermal stability as observed in RNA was applicable to DNA as well, the increased G + C content would have significant effects on the amino acid composition. For example, amino acids encoded by G + C rich codons such as Ala, Arg, Gly, and Pro would be abundant, whereas those encoded by G + C poor codons such as Lys, Ile, Tyr, and Phe would be less represented in thermophilic proteins. We found no correlation between the G + C content of DNA and OGT. Instead, the dinucleotide composition of DNA was found to be correlated with OGT [2] . rRNAs do not encode proteins; therefore, G + C content of rRNA seemed to have no restrictions. In fact, the G + C content of RNA depend on the G + C content of genomic DNA in mesophiles [14] , whereas no correlation was observed between the G + C contents of RNA and genomic DNA in thermophiles [2] . As shown in Figure 2 , the G + C contents from mesophiles showed greater deviations from the regression line than the plots in hydrogen bonds (Figure 1) . This result suggests that mesophiles have more freedom to have various G + C content in 16S rRNA than hydrogen bonds.
Hydrogen bonds of G·U base pairs did not increase the correlation to OGT. The hydrogen bond of a G·U base pair was observed in the syn conformation of guanine, on the edge of the bulge loop in the hairpin loop structure [11] . If G·U base pairs are located toward the center of the secondary structure, which forms the helical structure, it is difficult for guanine to assume the syn conformation; hence, it might be difficult to form hydrogen bonds between the G·U base pairs. It is reported that G·U base pairs are found in different conformations in different chemical and structural environments, and the RNA double helix can be more easily altered at sites of G·U base pairs [15] . Future studies are needed to examine the relationship between hydrogen bonds of G·U base pairs and thermal stability.
